Velumian AA, Wan Y, Samoilova M, Fehlings MG. Contribution of fast and slow conducting myelinated axons to single-peak compound action potentials in rat spinal cord white matter preparations. J Neurophysiol 105: 929 -941, 2011. . Unlike recordings derived from optic nerve or corpus callosum, compound action potentials (CAPs) recorded from rodent spinal cord white matter (WM) have a characteristic single-peak shape despite the heterogeneity of axonal populations. Using a double sucrose gap technique, we analyzed the CAPs recorded from dorsal, lateral, and ventral WM from mature rat spinal cord. The CAP decay was significantly prolonged with increasing stimulus intensities suggesting a recruitment of higher threshold, slower conducting axons. At 3.5 mm conduction distance, a hidden higher threshold, slower conducting component responsible for prolongation of CAP decay was uncovered in 22 of 25 of dorsal WM strips by analyzing the stimulus-response relationships and a normalization-subtraction procedure. This component had a peak conduction velocity (CV) of 5.0 Ϯ 0.2 (SE) m/s as compared with 9.3 Ϯ 0.5 m/s for the lower threshold peak (P Ͻ 0.0001). Oxygen-glucose deprivation (OGD), along with its known effects on CAP amplitude, significantly (P Ͻ 0.015) shortened the CAP decay. The hidden higher threshold, slower conducting component showed greater sensitivity to OGD compared with the lower threshold, faster conducting component, suggesting a differential sensitivity of axonal populations of spinal cord WM. At longer conduction distances and lower temperatures (9.8 mm, 22-24°C), the slower peak could be directly visualized in CAPs at higher stimulation intensities. A detailed analysis of single-peak CAPs to identify their fast and slow conducting components may be of particular importance for studies of axonal physiology and pathophysiology in small animals where the conduction distance is not sufficiently long to separate the CAP peaks.
I N T R O D U C T I O N
Since the classical discoveries of Erlanger and Gasser (1937) , compound action potentials (CAPs) have been widely used as a powerful tool for characterizing conduction properties of axons in multi-axonal preparations using distinct peaks of recorded CAPs as a reflection of axonal conduction in distinct axonal groups.
Despite the heterogeneity of axonal populations, CAPs recorded from mature rodent spinal cord white matter (WM) typically display only a single-peak (Agrawal and Fehlings 1996; Akiyama et al. 2002; Devaux and Gow 2008; Devaux et al. 2003; Nashmi 1996, 1997; Kocsis 1985; Kocsis and Waxman 1983; Nashmi et al. 2000; Ouardouz et al. 2006; Shi and Blight 1996; Shi and Borgens 1999; Sinha et al. 2006; Velumian et al. 2010 ). Identifying the contribution of different axonal populations to single-peak CAPs and characterizing their conduction properties in rodent spinal cord WM is of particular interest due to extensive use of rodent species for studying axonal function in development and after various experimental manipulations related to myelination/demyelination/remyelination. Rodent spinal cord WM has been extensively used for combined electrophysiological/pharmacological studies of ion channel function and distribution in CNS myelinated axons (Eng et al. 1988; Fehlings and Nashmi 1996; Kocsis 1985; Nashmi et al. 2000; Sinha et al. 2006 ) and in studies of experimentally induced demyelination (Lo et al. 2003) , traumatic (Fehlings and Nashmi 1997; McBride et al. 2007; Nashmi and Fehlings 2001a,b; Nashmi et al. 2000; Shi and Blight 1996; Shi and Pryor 2002) , or hypoxic/ischemic injury (Imaizumi et al. 1998; Ouardouz et al. 2006; Pryor and Shi 2006; Utzschneider et al. 1991) as well as to study the axonal properties in genetically modified animals with myelin abnormalities (Coetzee et al. 1996; Eftekharpour et al. 2005; Sinha et al. 2006 ) and to assess repair/remyelination of axonal tracts (Akiyama et al. 2001 (Akiyama et al. , 2002 Eftekharpour et al. 2008) .
For a detailed analysis of CAPs evoked in and recorded from rat or mouse spinal cord WM preparations, we used a double sucrose gap recording technique based on a novel modular apparatus designed for the rat or murine spinal cord (Velumian et al. 2010) . The advantage of the double sucrose gap technique is an improved resolution of recordings combined with high efficiency of stimulation. The double sucrose gap technique had been extensively used for studying axonal function in WM strips from guinea pig (Davies et al. 2008; McBride et al. 2007; Shi and Blight 1996; Shi and Pryor 2002) and, sometimes, mouse (Coetzee et al. 1996) spinal cord.
Based on a detailed analysis of stimulus-response relationships, we provide evidence that single-peak CAPs of mature rat spinal cord WM preparations are contributed by at least two populations of myelinated axons with nearly a twofold difference in their peak conduction velocities (CVs) and differential sensitivity to oxygen-glucose deprivation (OGD). Separating the fast and slow components of single-peak CAPs may improve the understanding of changes of axonal properties in spinal cord WM under various experimental conditions, including OGD, trauma, or demyelination. A brief account of the findings had been previously published in abstract form (Velumian et al. 2009 ).
M E T H O D S
All experimental protocols were approved by the Animal Care Committee of the University Health Network in accordance with the policies established in the Guide to the Care and Use of Experimental Animals prepared by the Canadian Council of Animal Care.
Spinal cord white matter preparation
The dissection procedures were generally similar to those described in earlier publications from our laboratory (Agrawal and Fehlings 1997; Eftekharpour et al. 2005; Fehlings and Nashmi 1997; Sinha et al. 2006) . The animals were anesthetized by halothane/N 2 O inhalation followed by intraperitoneal injection of pentobarbital (60 mg/kg). The animals were decapitated, the spine from the upper cervical to lower lumbar levels was quickly removed, and the spinal cord was hydraulically extruded as described in detail elsewhere (Chery et al. 2000; Moghaddasi et al. 2007; Velumian et al. 2010) . The whole procedure from decapitation to extruding the spinal cord typically took 1.5-2 min. The subsequent dissection, performed in oxygenated ice-cold artificial cerebrospinal fluid (ACSF), included removing the meninges and spinal roots (if left after extrusion), and the separation of dorsal, lateral, and ventral WM (DWM, LWM, and VWM, respectively) strips in rats or dorsal and ventral quadrants (DQ and VQ) in mice ( Fig. 1A) dissected from both sides. The WM strips were incubated in oxygenated ACSF for Ն1 h before use.
CAP recording with double sucrose gap apparatus
The double sucrose gap apparatus used in our experiments, schematically shown in Fig. 1B , was described in detail in our recent publication (Velumian et al. 2010) . The apparatus consisted of five linearly arranged perfused modules separated by thin rubber membranes with holes for passing a WM strip. The rubber membranes effectively minimize the interdiffusion between the compartments, providing advantages for high-resolution recording and extending the efficiency of stimulation, which is important for activation of highthreshold, slowly conducting axons. The distal portions of WM were superfused with "isotonic KCl" solutions (isotonic substitution of NaCl with KCl in ACSF). The modules separating the ACSF and "isotonic KCl" compartments were perfused with an isotonic sucrose solution. The width of the ACSF compartment defining the distance for active propagation of action potentials was either 3.5 mm (typically) or 9.8 mm (in selected experiments). The width of sucrose gaps was 3.5 mm in all experiments.
Solutions and perfusion
The ACSF contained (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1.3 MgSO 4 , 26 NaHCO 3 , and 10 glucose (pH 7.4 after bubbling with a 95% O 2 -5% CO 2 gas mixture). The isotonic KCl and sucrose solutions were isotonic to ACSF (305 mosM). The perfusing solutions were preheated to 35-37°C before entering the compartments of the apparatus.
The perfusion of the compartments was driven by hydrostatic pressure and set to 0.5-1 ml/min. The separation of solutions flowing Compound action potential (CAP) recorded from dorsal white matter of rat spinal cord with a double sucrose gap apparatus. A: diagram of dissection of white matter strips from freshly excised fragments of rat or mouse thoracic spinal cord. B: diagram of double sucrose gap apparatus and the arrangement for recording and stimulation. ¡, the direction of perfusion inflow and outflow. The compartments perfused with different solutions are separated with thin rubber membranes having holes for passing the white matter strip. C: superimposed CAPs recorded at varying stimulus intensities. Stimulating current pulses (inset) are shown at an extended time scale compared with CAPs. D: superimposed CAPs evoked with stimuli of varying intervals for testing the refractoriness of the maximal amplitude CAP from C. E: semilogarithmic plot of the relative amplitude of 2nd CAP vs. interstimulus interval for traces shown in D. The peak amplitude of the 2nd CAP was measured by subtracting the underlying 1st CAP and expressed relative to the peak amplitude of the 1st CAP (A2/A1). The lower trace in (D) shows stimulating currents. The conduction distance, defined by the width of the artificial cerebrospinal fluid (ACSF) compartment shown in B, was 3.5 mm in this and most other experiments, unless otherwise noted. through the apparatus loaded with a WM strip was confirmed visually by closing the inflow to individual compartments. If an outflow from a compartment continued after closing its inflow, the experiment was discarded. Despite the lack of visible signs of mixing the solutions between the chambers, minor interdiffusion through extracellular spaces within the WM strips was apparently present, and in many experiments a 10 -25% increase of the flow rate of sucrose or a similar decrease of ACSF and/or KCl flow helped to maximize the amplitude of recorded CAPs and lower the range of stimulus intensities to Ͻ2 mA. The electrical resistance across the sucrose gap in the recording arm was measured using 10 nA ϫ 1 ms current steps (not illustrated) (see details in Velumian et al. 2010 ) and served as a sensitive indicator of the stability of recordings throughout the experiment.
Stimulation and recording
The recording Ag/AgCl electrodes were connected to the ACSF and to the left KCl compartments (Fig. 1C ) via agar bridges prepared with 0.9% NaCl and KCl, respectively. The stimulating Ag electrodes were connected to the ACSF compartment and to the right KCl compartment as shown in Fig. 1B .
Stimuli were applied through the SIU-PSIV6 stimulus isolation unit of a Grass S88 stimulator. The signals were amplified using an Axoprobe 1A amplifier (Axon Instruments, now part of Molecular Devices) in DC mode to an overall 100ϫ (10ϫ by Axoprobe 1A and then 10ϫ by a custom-made preamplifier), processed using Digidata 1200 and pClamp6 software (Axon Instruments), stored on a personal computer, and analyzed using pClamp8 or pClamp10 software (Axon Instruments). To illustrate of differences in decays (Figs. 2B, 4, C and D, and 5, C and D) , the CAPs were normalized by their peak amplitudes using the "normalize traces" function of the Clampfit module of pClamp10 software. Arithmetic operations on the traces, described in Uncovering the hidden slower conducting component of single-peak CAPs (also in Fig. 6 ), were aided by the "arithmetic" function of the same software.
Oxygen-glucose deprivation
OGD was induced by switching from control oxygenated ACSF (95% O 2 -5% CO 2 ) to anoxic solution (95% N 2 -5% CO 2 ) where glucose was equimolarly substituted with sucrose. With our improved double sucrose gap apparatus, OGD caused almost complete disappearance of CAPs within 15-20 min (Velumian et al. 2010 ). Hence we lowered the temperature to 32-33°C to be able to perform stimulus-response analysis in relatively stable conditions within 20 -25 min of OGD while having CAPs of sufficient amplitude (referred to as moderate OGD).
Statistical analysis
Descriptive statistics (means Ϯ SE and paired t-test) were calculated using SigmaPlot software (version 9.0, Systat Software).
R E S U L T S
Most of the experiments (n ϭ 25) were performed on rat spinal cord DWM at 35-37°C and 3.5 mm conduction distance (width of the ACSF compartment of double-sucrose gap apparatus). Data on rat LWM (n ϭ 2) and VWM (n ϭ 3) and on mouse DQ (n ϭ 2) and VQ (n ϭ 5), studied in the same conditions, are included for comparison purposes. A longer conductance distance (9.8 mm) and lower temperature (22-24°C) were used in a limited number of experiments (n ϭ 4 for rat DWM, n ϭ 3 for rat LWM and n ϭ 4 for rat VWM) aimed to separate the CAP peaks further. Figure 1C shows a typical CAP recorded from a rat DWM. The CAPs had a characteristic single-peak shape, could be finely graded in amplitude by varying stimulus intensities, and were clearly separated from stimulus artifacts, providing accurate analysis of their shapes. The stimulus intensities sufficient for achieving maximal amplitudes of the CAPs were typically between 0.5 and 1 mA. Single-peak CAPs were also typical in other rat and mouse WM preparations (Figs. 4 and 5) studied at 3.5 mm distance.
Paired stimuli of maximal intensity and varying intervals (Fig. 1, D and E) used to test the refractoriness further confirmed the minimal distortion of CAPs by stimulus artifacts.
Prolongation of CAP decay with increasing stimulus intensities
Increasing the stimulation intensity resulted not only in an increase of the CAP amplitude up to a saturation level ( Fig. 2C ) but also in a noticeable prolongation of CAP decay (Figs. 1C and 2A), which was even more obvious after normalizing the peak amplitudes of CAPs evoked by different intensities of stimulation ( Fig. 2B ). This is further illustrated by the plot of CAP decay time to 50, 40, 30, and 20% of its peak amplitude as a function of stimulation intensity ( Fig. 2D ).
Comparing the dependence of CAP amplitude ( Fig. 2C ) and the decay times ( Fig. 2D ) on stimulus intensity further illustrates that the decay times of lower threshold, smaller amplitude CAPs were short (0.2-0.3 ms) and relatively stable at low intensities of stimulation (0.45-0.6 mA) but were profoundly prolonged on further increase of stimulation intensities. The stimulus intensities at which the CAP decays began to slow down in rat DWM preparations were 1.20 Ϯ 0.03 times higher (n ϭ 25) than the overall CAP threshold (compared with 1.42 Ϯ 0.04 times for stimulus intensities needed to increase the overall CAP peak amplitude from 10 to 90%), suggesting an involvement of higher threshold, slower conducting axons that could not be separated by their CAP peaks due to the short conduction distance.
The difference between decay times of the lower threshold, smaller amplitude CAPs and the CAPs recorded in the same DWM preparations at maximal stimulation intensities was highly significant (P Ͻ 0.001; Fig. 2E ).
The prolongation of decay times of CAPs with increasing stimulation intensities was also observed in rat LWM and VWM, as well as in mouse DQ and VQ preparations (Figs. 4 and 5) . The relative amplitude of the lower threshold CAP components with a faster decay was 0.30 Ϯ 0.03 (n ϭ 22) of the maximal CAP peak amplitude evoked in the same preparation by supramaximal stimuli in rat DWM, 0.29 in rat LWM (n ϭ 2), 0.23 Ϯ 0.07 in rat VWM (n ϭ 3).
Dependence of CAP peak latency on stimulation intensity
The CAP peak latency showed a complex dependence on stimulation intensity, as illustrated in Fig. 3 . Lower threshold (0.45-0.6 mA) CAPs had shorter peak latencies compared with CAPs evoked by intermediate (0.6 -0.8 mA) stimulus intensities. Further increase of stimulation intensity [0.8 -1.6 mA; high (supramaximal)] caused a reverse change in CAP peak latency, paralleled with a slow increase of CAP peak amplitude and a shortening of CAP decay suggesting a spread of stimulating current to areas closer to recording site (see also Shi and Blight 1996) . Further increase of stimulation intensity (not illustrated) resulted in continued increase of CAP peak amplitude and reduction of its peak latency and decay time, suggesting artifactual changes reflecting shorter conduction distances and increased synchrony of action potentials in individual axons. The artifactual progressive shortening of CAP peak latency and increase of its peak amplitude with continued increase of stimulus intensities in the supramaximal range varied between experiments, from negligible as in Fig. 2 to pronounced as in Fig. 3 . These effects were associated with shortening of CAP decay and could result in erroneous estimates of axonal conduction velocities and the relative contribution of the slower conducting components. For these reasons, the CAPs in the supramaximal stimulation range were discarded from further consideration at and above stimulus intensities that caused shortening of their peak latencies.
The prolongation of CAP peak latency on increasing stimulation intensities from low to intermediate range ( Fig. 3 ) apparently reflects sequential recruitment of axonal populations, from lower threshold, faster conducting axons (seen at lower intensities) to higher threshold, slower conducting axons (seen at intermediate intensities). Similar changes were ob-served in rat LWM and VWM as well as in mouse DQ and VQ preparations (Figs. 4 and 5) .
In 22 DWM preparations that showed prolongation of CAP decay with increasing stimulation, the peak latency of CAPs evoked by intermediate stimulation intensities was longer by 18 Ϯ 3% as compared with peak latency of CAPs evoked by low stimulation intensities.
Uncovering the hidden slower conducting component of single-peak CAPs
The prolongation of CAP decay and peak latency with increasing stimulation suggests an addition of a higher threshold, slower conducting component to lower threshold, faster conducted CAPs. To uncover the higher threshold component, we used a normalization-subtraction procedure (described in the following text and illustrated in Fig. 6 that provides further analysis of the CAP shown in Fig. 2) .
A lower threshold, fast decay CAP (trace a in Fig. 6 , A and B) and higher threshold, slower decay CAPs (traces b i and b k in Fig. 6 , A-C) were selected from the family of traces shown in Fig. 6A using the stimulus-decay time analysis shown in Fig.  2D . Figure 6 , B and C, illustrates a normalization of the trace a to peak amplitudes of traces b i and b k by multiplying the Fig. 1 shown on an extended time scale. B: same CAPs, normalized by amplitudes. C and D: stimulus-response relationships of CAP amplitude (C) and decay time to 50, 40, 30, and 20% of peak amplitude (D). Note the relatively steady decay times of CAPs evoked by stimulus intensities within the range of 0.45-0.60 mA and the progressively increasing decay times, approaching a "saturation" level at higher intensities. Vertical dashed line in C and D separates the lower threshold CAPs with fast decay and the CAPs with increasing presence of higher threshold, slower conducting components. Note that the prolongation of CAP decay continues, at a slower rate, even after the CAP peak amplitude reaches a plateau, suggesting further recruitment of higher threshold, slower conducting axons. E: summary of differences between CAP decay times to 50, 40, 30, and 20% of peak amplitude (referred to as "decay 50," "decay 40," "decay 30," and "decay 20") measured in 22 dorsal white matter (DWM) preparations where the decay showed prolongation with increasing stimulation intensity. □, fastest decay; , slowest decay within the family of traces evoked in individual preparations by varying stimulation intensities. Conduction distance: 3.5 mm.
whole trace a by a factor representing an inverse ratio of their peak amplitudes (b i peak/apeak and b k peak/apeak. The resulting traces (c i and c k ) were then subtracted from the traces b i and b k , uncovering slower conducted components d i and d k of traces b i and b k . Figure 6D shows a family of traces derived by normalization of the fast-decay, low threshold trace a from A (used in subtractions illustrated in B and C) to peak amplitudes of each of the traces shown A. Paired subtractions of these normalized traces from their counterparts in Fig. 6A reveal a family of slower components (Fig. 6E ) contributing to prolongation of CAP decay at varying stimulation intensities. As seen in Fig.  6E , the decay of the slow component uncovered by normalization-subtraction procedure progressively prolongs with increased stimulation intensity, suggesting the presence of even slower conducting components. The stimulus-response plots for the normalized fast and slow components shown in Fig. 6F illustrate a higher threshold of the slower component.
The hidden higher threshold, slower conducted component was revealed by above-described normalization-subtraction procedure in 22 of 25 of rat DWM preparations and had a peak conduction velocity (CV) of 5.0 Ϯ 0.2 m/s compared with 9.3 Ϯ 0.5 m/s of the lower threshold peak (P Ͻ 0.0001). The slower component was also present in two of three LWM and in three of four VWM preparations and had mean peak CVs of 6.5 and 5.8 m/s, respectively, compared with 13.4 and 10.3 m/s of fast peaks.
Higher sensitivity of the hidden slower conducting component of single-peak CAPs to OGD
Based on findings of selective sensitivity of individual peaks of triple-peaked CAPs of optic nerve to a variety of conditions (Allen et al. 2006; Baltan et al. 2010; Fern et al. 1998) , we have tested the effects of OGD on the fast and slow components of single-peak CAPs of spinal cord DWM. As indicated in METH-ODS, these experiments were conducted at 32-33°C to be able to perform stimulus-response analysis in relatively stable conditions during OGD while having CAPs of sufficient amplitude. The amplitude of CAPs evoked by maximal stimulus intensities (referred to in the following text as "maximal CAP") decreased in these moderate OGD conditions (Fig. 7, A and B) to 69.2 Ϯ 4.9% of control levels (n ϭ 6), varying between 47 and 79% in different experiments.
To visualize the effects of OGD on CAP decay, the families of traces shown in Fig. 7 , A and B were normalized by CAP peak amplitudes as illustrated in Fig. 7 , C and D. This figure further shows that the decay of CAPs is noticeably shortened in OGD depending on stimulus intensity (Fig. 7H ). The decay to 50% of CAP peak amplitude (decay 50) remained virtually unaffected for low threshold, fast conducting CAPs (stimulus intensities between 0.46 and 0.57 mA: to the left from vertical dashed line in Fig. 7H ), while the decay 50 of CAPs evoked by higher stimulus intensities (to the right from the vertical dashed line) were markedly shortened in OGD. A summary of these changes of decay 50, observed in six different experiments, is shown in Fig. 7I . In maximal CAPs, the decay times to 50, 40, and 30% of their peak amplitude (decay 50, decay 40, and decay 30) were reduced by OGD from 0.49 Ϯ 0.03, 0.62 Ϯ 0.04, and 0.83 Ϯ 0.06 ms to 0.20 Ϯ 0.01, 0.24 Ϯ 0.01, and 0.28 Ϯ 0.02 ms, respectively (n ϭ 6; illustrated for decay 50 in Fig.  7) . The decay 50, decay 40, and decay 30 parameters of the low threshold, fast conducting CAPs from the same family of traces were, respectively, 0.19 Ϯ 0.01, 0.22 Ϯ 0.02, and 0.28 Ϯ 0.02 ms in control and did not significantly change during OGD (0.20 Ϯ 0.01 ms, P ϭ 0.092; 0.24 Ϯ 0.01 ms, P ϭ 0.087 and 0.28 Ϯ 0.02 ms, P ϭ 0.951).
The preceding results suggest a differential sensitivity of axonal populations of spinal cord WM to OGD. To quantify the changes of fast and slow CAP components in OGD, we used the normalization-subtraction procedure described in the previous section to isolate the higher threshold, slower conducting component of CAPs before and during OGD (Fig. 7, E  and F) . The peak amplitude of the "hidden" high threshold, slow conducting component, expressed as percentage of the peak amplitude of the maximal CAP ("relative amplitude") was reduced from 50 Ϯ 3% in control to 35 Ϯ 6% in OGD (n ϭ 6, P ϭ 0.025). The area of the hidden component, expressed as percentage of the area of the maximal CAP ("relative area") was reduced from 53.52 Ϯ 2.77% in control to 41.13 Ϯ 5.15% in OGD (n ϭ 6, P ϭ 0.015).
The differential effects of OGD on the fast and the slow hidden component of single-peak CAPs argue in favor of the presence of distinct axonal populations contributing to singlepeak CAPs recorded from spinal cord WM.
Separation of CAP peaks at longer conduction distance and lower temperature
The lack of separation of the fast and slow components (described in the preceding text) into distinct peaks could be due to insufficient conduction distance. To test for possible separation of the two peaks at longer conduction distances, we conducted a limited number of experiments on rat spinal cord WM preparations (n ϭ 4 on DWM, n ϭ 3 on LWM, and n ϭ 4 A and B, bottom: stimulating currents. C and D: same traces as in A and B normalized by peak amplitude. Note prolongation of CAP decays at higher stimulus intensities, qualitatively similar to observations in rat DWM illustrated in Fig. 1C . The occurrence of the hidden slower component was 50% (2/4) in DQ and 57% (4/7) in VQ. Conduction distance: 3.5 mm. on VWM) using a 9.8-mm-wide ACSF compartment (where the action potentials are initiated and actively propagate) instead of the 3.5 mm used in the main set of experiments. To help separate the CAP peaks further, their conduction was slowed by performing the experiments at room temperature (22-24°C). Figure 8 illustrates a two-peaked CAP recorded from rat DWM at 9.8 mm conduction distance and room temperature. A clear separation of the two peaks of CAP, with a second (slower conducted) peak appearing at higher stimulation intensities, is further illustrated in amplitude versus stimulus intensity plots for the fast and slow peaks (peaks 1 and 2) in Fig. 8B . The gradual increase in the latency of the second peak and the prolongation of its decay with increasing stimulus intensity suggests a progressive involvement of slower conducting axonal populations.
Two clearly separated CAP peaks were present in three of four DWM and one of three LWM preparations from rat spinal cords studied in these conditions. In rat VWM, no clear separation of the peaks was observed although a prolongation of CAP delay that was clearly present in all four preparations studied suggests the presence of the slower peak, which apparently could not be clearly separated due to slightly higher conduction velocities (CVs) of axons compared with DWM and LWM.
D I S C U S S I O N
The main finding of this paper is that the single-peak CAPs that are typical in rodent spinal cord WM are contributed to by fast and slow conducting (low and high threshold, respectively) populations of myelinated axons. A differential approach to these two populations may be important for electrophysiological studies of rodent spinal cord and other short WM preparations where the separation of the two peaks cannot be directly visualized due to the unfavorable combination of relatively fast conduction velocities (CVs) and short conduction distances.
We further show that the slower conducting axonal population contributes to the prolongation of the decay phase of single-peak CAPs that occurs at higher stimulation intensities. A hidden peak reflecting the slower conducting, higher threshold axonal population could be separated from single-peak CAPs recorded at a short (3.5 mm) conduction distance using a normalization-subtraction procedure on traces obtained at different stimulation intensities (shown in detail in Fig. 6 ). While the slower conducting, higher threshold axonal population did not form a visible peak in CAPs recorded at short (3.5 mm) conduction distances, a distinct peak reflecting this population could be visualized in CAPs recorded at longer (9.8 mm) conduction distances combined with a lower (22-24°C) temperature.
A careful analysis of the dependence of decay parameters of single-peak CAPs on stimulus intensity is critical for separation of the lower threshold, fast decay CAPs and the CAPs with increasing presence of higher threshold, slower decay components. As seen in Fig. 2D , the decay time is a particularly FIG. 6. Uncovering the hidden peak (peak 2) of the CAP shown in Fig. 2 . A: superimposed CAPs evoked by varying stimulus intensities: the low threshold, smaller amplitude components have faster decays (e.g., trace a) compared with intermediate (e.g., trace b i ) and high-threshold (e.g., trace b k ), larger amplitude components. B: uncovering the hidden peak contributing to trace b i . Trace c i is the result of normalization of trace a to peak amplitude of trace b i . Trace d i represents the result of subtraction of trace c i from trace b i . C: uncovering the hidden peak contributing to trace b k . Trace c k represents the result of normalization of trace a to peak amplitude of trace b k . Trace d k represents the result of subtraction of trace c k from trace b k . D: family of traces obtained by normalization of trace a to peak amplitude of each trace shown in A (analogous to traces c i and c k in B and C. E: family of traces showing the results of paired subtractions of traces shown in D from their counterpart traces in A (analogous to traces d i and d k in B and C). The traces shown in D and E are referred to as peak 1 and peak 2, respectively. F: stimulus-response plots for peaks 1 and 2 (normalized) showing differences in their activation thresholds. A-D, bottom: traces are the recorded stimulus intensities. The calibration shown on A applies to A-E. Conduction distance: 3.5 mm. sensitive parameter to estimate the transition point at which the slower conducting, higher threshold components become increasingly present in single-peak CAPs with increasing stimulation intensity. This transition point serves as an important landmark for separating the CAPs generated by the fast axonal population with minimal contribution of the slower conducting population (stimulus intensities to the left from vertical dashed line in Fig. 2D ). For the normalization-subtraction procedure, selecting a trace representing a larger fast-decay CAP helped reduce the noise in the results of subtraction without affecting the results otherwise.
The decay time to levels below the standard 50% from CAP peak amplitude may serve as more sensitive parameters in cases where the contribution of the slower component is more pronounced at levels Ͻ50% as for example in ventral and lateral white matter preparations of rat spinal cord illustrated in Fig. 4, C and D. The gradual increase in the latency of slow component uncovered by our normalization-subtraction procedure and the prolongation of its decay with increasing stimulus intensity (Fig. 6E) suggest a progressive involvement of slower conducting axonal populations that were not further analyzed in the present study.
CAP peaks and WM axonal populations
Classical descriptions of CAPs recorded from peripheral nerves showed distinct peaks reflecting the conduction of action potentials in different groups of axons, clearly separated from each other at sufficiently long conduction distances (Erlanger and Gasser 1937) . Distinct CAP peaks are also typical in CNS structures with small caliber myelinated axons such as the optic nerve (Allen et al. 2006; Brown and Ransom 2002; Brown et al. 2001; Devaux and Gow 2008; Foster et al. 1982; Stys et al. 1991 Stys et al. , 1992 Stys et al. , 1998 Waxman et al. 1990) or the corpus callosum (Crawford et al. 2009; Preston et al. 1983; Tekkok and Goldberg 2001; Tekkok et al. 2005) despite the short conduction distances in these preparations.
Contrary to optic nerve and corpus callosum, the CAPs reported by many authors in rodent spinal cord WM have a characteristic single-peak shape both in vitro (rat: Fehlings 1996, 1997; Fehlings and Nashmi 1997; Kocsis 1985; Li et al. 1999; Nashmi and Fehlings 2001a; Nashmi et al. 2000; Ouardouz et al. 2006; Utzschneider et al. 1991; mouse: Coetzee et al. 1996; Devaux and Gow 2008; Sinha et al. 2006; guinea pig: Ashki et al. 2008; Davies et al. 2006 Davies et al. , 2008 Jensen and Shi 2003; Pryor and Shi 2006; Blight 1996, 1997; Shi and Pryor 2002; Shi and Whitebone 2006) and in vivo (rat: Akiyama et al. 2002; mice: Lo et al. 2003) . One of the possible reasons for the lack of evidence for distinct peaks reflecting different axonal populations in CAPs recorded from rodent spinal cord WM in earlier studies could be the limited range of stimulated axons and/or an unfavorable combination of CVs and conduction distances.
The double sucrose gap recording technique used in our study combines an improved resolution of recorded signals with high efficiency of stimulation, extending the range of stimulated axons to even include the nonmyelinated axons A and B: superimposed CAPs evoked by varying stimulus intensities in control and after 25 min of OGD. C and D: same as A and B normalized by CAP peak amplitudes to illustrate differences in decay kinetics. Traces c represent normalized traces a from A and B. E and F: uncovering the hidden higher threshold, slower conducting component using the procedure described in Fig. 6 . G: stimulus-response plots of CAP peak amplitudes before and during OGD. H: stimulus-response relationships of CAP decay time to 50% of peak amplitude (decay 50, explained in Fig. 2) . The vertical dashed line in G and H separates the lower threshold CAPs with fast decay and the CAPs with increasing presence of higher threshold, slower conducting components, similar to Fig. 2 . I: bar diagram summarizing the effects of OGD on decay 50 for the low threshold fast component and for the CAP evoked by maximal stimulation intensity. All OGD experiments were performed on rat DWM. Conduction distance: 3.5 mm. (Velumian et al. 2010) . Despite this, the CAPs recorded at short (3.5 mm) conduction distance from rat and mouse spinal cord WM preparations were still of single-peak shape, apparently due to insufficient conduction distance for peak separation. Our detailed analysis nevertheless revealed the presence of two components in these single-peak CAPs, showing that both are generated by myelinated axons (CVs Ͼ5 m/s in rat spinal cord WM). This emphasizes the importance of considering the heterogeneity of spinal cord WM axonal populations in relation to the shape of single-peak CAPs and to accuracy of estimations of axonal CVs, which are important due to differential sensitivities of different types of axons to various factors such as K ϩ channel blockers (Fox and Ruan 1989) , hypoxia/ ischemia (Fern et al. 1998; Utzschneider et al. 1991) , and trauma (Conta and Stelzner 2004; Reeves et al. 2005) .
Heterogeneity of spinal cord WM axonal populations
Spinal cord WM contains axonal populations ranging from slowly conducting nonmyelinated and small myelinated axons (pain and temperature pathways) to faster conducting larger caliber axons (proprioceptive and motor pathways). It is important to consider axonal calibers of DWM, LWM, and VWM of rodent spinal cord in terms of their possible contribution to shaping the recorded CAPs.
While 23-25% of rat spinal cord DWM axons have been previously reported to be nonmyelinated (Chung et al. 1987; Tracey 2004 ), this only applies to sacral cord segments, whereas CAP studies are typically done on thoracic cord WM. Detailed studies from our laboratory showed that only 1% of axons in mature rat thoracic cord DWM are nonmyelinated (Nashmi and Fehlings 2001a) , which may explain the rare occurrence and low-amplitude of a C-wave in DWM CAPs, reported in our recent double sucrose gap study (Velumian et al. 2010) .
The mean axon diameters in rat DWM, LWM, and VWM are 1.63 Ϯ 0.02 m, 1.72 Ϯ 0.03 m and 2.24 Ϯ 0.05 m (respectively, 2.44 Ϯ 0.03 m, 3.07 Ϯ 0.05 m and 4.05 Ϯ 0.07 m with their myelin sheaths) (Nashmi and Fehlings 2001a) . Importantly, while the axon diameters in rat DWM, LWM, and VWM ranged from Ͻ1 to Ͼ6 m, the histograms of axon diameters in all three areas were unimodal. In dorsal and ventral WM of mouse spinal cord, the mean axon diameters were reported as 1.26 Ϯ 0.38 and 1.98 Ϯ 1.39 m (respectively, 1.52 Ϯ 0.46 and 2.36 Ϯ 1.39 m with their myelin sheaths) (Coetzee et al. 1996) . We could not find histograms of axon/fiber diameters in mouse spinal cord WM in the published literature.
While the apparent unimodal distribution of axon diameters in rat spinal cord WM might seem to be in agreement with the single-peak shapes of CAPs, optic nerves of rats and mice display characteristic three-peak CAPs despite the unimodal histograms of their axonal diameters (Allen et al. 2006) . Thus other factors such as differences in internodal distance or Na ϩ channel density at the node (Allen et al. 2006) or differences in myelin sheath properties between different axonal populations might be proposed to explain the presence of distinct CAP peaks. However, no sufficient data on these parameters are available up to date for either optic nerve or spinal cord WM axons to allow discussion of their relation to distinct CAP peaks.
The 5 m/s and higher mean values of peak CVs of the fast and slow (accordingly, low and high threshold) CAP components obtained from our analysis in rat DWM, LWM, and VWM suggest that both the fast and the slow components are generated by myelinated axons.
The axon diameters known from an earlier study from our laboratory (Nashmi and Fehlings 2001a) and the CVs of the fast and the slow components of recorded CAP found by our present analysis allow for a rough estimate of axon diameters contributing to these two groups. The fastest and the slowest CVs of the fast component of rat DWM CAPs measured in our experiments were, respectively, 14.0 and 7.45 m/s. Based on the linear relationship between the CV of myelinated axons and their square diameters (Erlanger and Gasser 1937) , the axon diameters (D) can be calculated as D ϭ k͌CV, where k is a coefficient of proportionality. With the largest axon diameters in rat spinal cord DWM being 6.5 m (Nashmi and Fehlings 2001a ) and the fastest conduction velocity being 14 m/s, we estimated k ϭ 1.74 (calculated as D/͌CV). Using this k value for the slowest CV of the fast component of rat DWM CAPs recorded in our experiments, we calculated the diameter of the slowest axons contributing to the fast component to be 4.8 m. Accordingly, based on the fastest and the slowest peak CVs of the slower (hidden) CAP component in our experiments on rat DWM (7.6 and 3.2 m/s), we calculated the corresponding axon diameters to be between 4.8 and 3.1 m. Importantly, while rat DWM has a large population of axons Ͻ3 m (Nashmi and in the prolonged decay of the slower (hidden) component, which was not further analyzed in the present study. Our preceding estimate of the axon diameters of the fast and slow conducting groups in rat DWM, based merely in CV versus axon diameter relationship, may be modified in the future by taking into account other factors contributing to the size and shape of recorded CAPs, such as differences in internodal distance or the Na ϩ channel density at the node, as discussed by others in relation to optic nerve CAPs (Allen et al. 2006) .
Limitations of component analysis of single-peak CAPs recorded at short conduction distances
The identification of fast and slow components of singlepeak CAPs recorded at short conduction distance requires a more careful analysis of CAP shape and peak latencies as a function of stimulus intensity, because the spread of stimulating current with increasing stimulus strength may and apparently had often resulted in shifting the site of action potential initiation to areas closer to the recording electrode. In extreme cases, this spread of stimulating current may have stimulated the axons directly at the recorded rather than the stimulated area, where the separation of components could not occur simply due to the lack of active propagation of axonal action potentials.
While most publications on spinal cord WM CAPs did not analyze the dependence of CAP shape and peak latency on stimulation intensity, a limited number of papers have provided illustrations of superimposed CAPs recorded at varying stimulus intensities, where a shortening of CAP peak latency at higher stimulation intensities was clearly present (e.g., Fig. 6A in Shi and Blight 1996; Fig. 1A in Nashmi and Fehlings 2001a; Fig. 4A in Jensen and Shi 2003; but see Fig. 4A in Shi and Borgens 1999) . A noticeable shortening of CAP peak latency with increasing stimulation intensities can also be seen in some published examples of superimposed traces from the optic nerve (e.g., Fig. 1A in Devaux and Gow 2008; but see Fig. 1A in Stys et al. 1998) .
The double sucrose gap technique used in this study and other studies on guinea pig cord WM (Ashki et al. 2008; Davies et al. 2006 Davies et al. , 2008 Jensen and Shi 2003; Pryor and Shi 2006; Blight 1996, 1997; Shi and Borgens 1999; Shi and Pryor 2002; Shi and Whitebone 2006) and mouse (Coetzee et al. 1996) spinal cord WM minimized but did not completely prevent the stimulus intensity-dependent spread of stimulating currents along the axons within the ACSF compartment, also resulting in a shortening of CAP peak latency at higher stimulation intensities. Identifying the fast and slow propagated components of CAPs thus requires careful consideration of the changes in CAP peak latency and shape as a function of stimulus intensity, as described in detail in this paper. Specifically, we show that with increasing stimulation, the CAP peak latency increase associated with prolongation of its decay occurs due to recruitment of slower conducting axons (intermediate intensities in Fig. 3) , while the artifactual shortening of the CAP peak latency (high, "supramaximal" intensities in Fig.  3) , associated with further increase of CAP amplitude and shortening of its decay reflects shorter actual conduction distance and increased synchrony, caused by current spread.
Uncovering hidden components of CAPs recorded at short conduction distances
Up to now, the heterogeneity of axonal calibers has not been reflected in electrophysiological recordings of CAPs in rodent spinal cord WM. The possible contribution of large and small caliber myelinated fibers to single-peak CAPs recorded from a spinal cord WM strip has been proposed earlier in studies on guinea pig spinal cord VWM, discussed in terms of threshold differences and contribution to amplitude of recorded singlepeak CAPs but without discussing or analyzing CVs or shaping the CAP decay Shi and Borgens 1999; Shi and Pryor 2002) . Importantly, the illustrations of superimposed CAPs recorded at varying stimulation intensities presented by these authors show noticeable prolongation of CAP decays with increasing stimulation, qualitatively similar to changes observed in our experiments described in this paper. A prolongation of CAP decay with increasing stimulation intensity was also present, but not discussed, in an earlier publication from our laboratory on rat spinal cord DWM (see e.g., Fig.  1A in Nashmi and Fehlings 2001a ), suggesting the presence of a slower conducted component. As discussed in the preceding text, a hidden component reflecting the activity of higher threshold, slower conducting axonal populations can be separated from single-peak CAPs recorded at short conduction distances using a normalization-subtraction procedure.
The absence of data on fast and slow conducted components in earlier CAP studies on rodent spinal cord WM may have been due to the lack of a detailed analysis of stimulus-response relationships. A careful review of publications from our laboratory and other groups that presented superimposed CAPs recorded at different stimulation intensities (e.g., Nashmi and Fehlings 2001a; Shi and Blight 1996; Shi and Borgens 1999) suggests that the hidden second fast peak may have been present to varying extent as judged by the slower decay of higher amplitude CAPs, which had not been analyzed or discussed as a possible indication of a distinct axonal population. Many other studies have not provided illustrations of CAPs evoked by varying stimulus intensities, thus leaving open the question of the possible presence of hidden CAP components.
The lack of afterhyperpolarization and the presence of a slow decay phase in WM CAPs or in action potentials recorded from myelinated axons with intra-axonal microelectrodes, noted in many studies of rodent and feline spinal cord WM (e.g., Blight 1983; Blight 1996,1997; Fehlings and Nashmi 1997; Nashmi and Fehlings 2001a; Kocsis 1985; Utzschneider et al. 1991) , is typically viewed as the reflection of limited involvement of K ϩ channels due to their predominant location under the myelin sheath (Kocsis 1985; Kocsis and Waxman 1980; Nashmi and Fehlings 2001b) . Our finding of the presence of a hidden peak with a distinct activation threshold, which contributed to the early decay phase of CAPs, and the occasional presence of a C-wave suggest that not all of the decay phase of CAPs recorded in spinal cord WM at short conduction distances is due to the lack of K ϩ channel contribution.
Another approach to reveal and quantify the CAP components could be the Gaussian fittings, successfully used in recent studies of multi-peak CAPs of rodent optic nerve (Allen et al. 2006; Evans et al. 2010; James et al. 2010) . Using this approach for characterizing single-peak CAPs of spinal cord WM recorded as short conduction distances is a much more challenging task compared with fitting multipeak CAPs due to the lack of reference points, such as distinct CAP peaks, that could assist in setting the appropriate number of Gaussian functions and their peak times. Without such reference points, applying Gaussian fitting to single-peak CAPs is rather arbitrary and, by our experience, often requires a trial-and-error approach that was also indicated in studies on the optic nerve of hypomyelinated rumpshaker mutant mouse (Evans et al. 2010) . Our attempts to apply Gaussian fitting to selected single-peak CAPs with varying numbers of Gaussian functions are illustrated in the supplemental material 1 . Despite the uncertainties with the numbers and properties of Gaussian components and some additional limitations discussed in the supplemental material, this approach also shows the presence of faster and slower components in our recorded CAPs, qualitatively supporting our findings.
Differential sensitivity of fast and slow components of singlepeak CAPs to OGD
Studies on rodent optic nerve have shown differential effects of perturbations of energy metabolism on individual peaks of the triple peaked CAP (Allen et al. 2006; Baltan et al. 2010; Fern et al. 1998) . In spinal cord WM, previous CAP recording studies of the effects of anoxia, ischemia, or other metabolic perturbations on axonal function (e.g., Li et al. 1999 Li et al. , 2000 Liu-Snyder et al. 2007; Ouardouz et al. 2003 Ouardouz et al. , 2006 Peasley and Shi 2002; Pryor and Shi 2006; Utzschneider et al. 1991) were treating the single-peak CAPs as a single entity, without further analysis for the possible presence of distinct CAP components, and thus were unable to differentiate between different axonal groups.
In this paper, using a detailed analysis of CAP decays as a function of stimulus intensity and the normalization-subtraction procedure for uncovering the hidden higher threshold, slower conducting component, and moderate OGD, we were able to present the first evidence that in spinal cord, the OGD exerts differential effects on fast and the hidden slow components of recorded single-peak CAPs. Specifically, we have shown that along with the well-known reduction of CAP amplitude, OGD causes a shortening of its decay due to the higher sensitivity of the slower conducting components to OGD. We have demonstrated that for single-peak CAPs, the changes of their decay characteristics (e.g., decay times to Յ50% levels from CAP peak), measured in CAPs evoked by maximal stimulus intensities (maximal CAPs) may serve as a sensitive measure of the effects of OGD.
The area of the hidden high threshold, slow conducting component expressed as a percentage of the area of maximal CAP (relative area) may serve as a sensitive measure to quantitatively assess the relative changes of the fast and slow components of single-peak CAPs under OGD, which may be suitable for other experimental conditions. An increase or decrease of the relative area of the hidden component would indicate, respectively, a lower or higher degree of suppression of the slow conducting component in a specific experimental condition.
The shortening of the maximal CAP decay and the reduction of the relative amplitude and area of the hidden high-threshold, slow conducting component provide the first evidence for a higher sensitivity of slower conducting myelinated axons of spinal cord WM to OGD. The mechanisms underlying the differential sensitivity of fast and slow conducting axonal populations and the morphological and functional identification of myelinated axons belonging to these populations need further studies.
Importance of integrated approach to analyzing CAP amplitudes, peak latencies, and decay kinetics Our analysis shows that increasing stimulation intensities causes not only an increase of the amplitude of recorded CAPs but also, within a certain range, an increased peak latency that is apparently due to the recruitment of slower conducting components (intermediate intensities, Fig. 3 ). Further increase of stimulus intensity (high, supramaximal intensities in Fig. 3 ) may result in a decrease of CAP peak latency, a further increase of the overall CAP amplitude, and a shortening of CAP decay, suggesting artifactual effects reflecting increased synchrony of different contributing axonal groups due to spread of stimulating current to areas closer to the recording site. Our analysis of published data from both our and other groups shows that the artifactual shortening of CAP peak latency with increased stimulation intensity (high, supramaximal intensities) may have occurred not only in the spinal cord (see, e.g., Nashmi and Fehlings 2001a; Shi and Blight 1996) but also in the optic nerve (e.g., Devaux and Gow 2008 ; but see Stys et al. 1998 where changes in CAP peak latencies were negligible). Calculating the CVs using CAP peak latencies thus requires a detailed analysis of stimulus-response relationships to exclude errors caused by artifactual shortening of peak latency caused by current spread (high, supramaximal intensities).
Concluding remarks
A detailed analysis of single-peak CAPs using approaches similar to those described in this paper may reveal important data on contributing axonal populations. An integrated approach including analysis of stimulus intensity-dependent changes of CAP peak amplitude, latency, and decay kinetics is important for ruling out errors due to spread of stimulating current, particularly in studies with short conduction distance between stimulated and recorded sites. The uncovering of the hidden slow component of single-peak CAPs and measuring its relative area may provide valuable quantitative approaches broadening the understanding of axonal function in spinal cord WM in various experimental models.
